We examine simulated AGN systems (triples and quadruples, in particular) in the MassiveBlackII simulation. We identify AGN systems (with bolometric luminosity L bol > 10 42 ergs/sec) at different scales (defined by the maximum distance between member AGNs) to determine the AGN multiplicity functions. This is defined as the volume/ surface density of AGN systems per unit richness R, the number of AGNs in a system. We find that gravitationally bound multiple AGN systems tend to populate scales of 0.7 cMpc/h; this corresponds to angular separations of 100 arcsec and a line of sight velocity difference 200 km/sec. We predict that upcoming surveys should find many such systems. In particular, eBOSS and DESI imaging areas should contain ∼ 100 and 10 5 triples/quadruples respectively; at least 20% of these should be detectable in spectroscopic surveys. We expect LSST imaging area to contain ∼ 100 triples/quadruples per deg 2 . The simulations predict that these systems predominantly exist at 1.5 z 3. Their members have black hole masses 10 6.5 M bh 10 9 M /h and live in separate (one central and multiple satellite) galaxies with stellar masses 10 10
INTRODUCTION
Halo mergers are a very important component in the current paradigm of galaxy formation, and are one of the primary mechanisms via which galaxies and dark matter haloes grow and evolve. Furthermore, the ensuing interactions between the galaxies that occupy recently merged haloes can be possible triggers of AGN activity (Wyithe & Loeb 2005; Di Matteo et al. 2005) . If true, this scenario should lead to multiple simultaneously active quasars within the same galaxy/ halo. Observational signatures have been found in "excess" small scale ( 1 Mpc) clustering measurements compared to large scales (Schneider et al. 2000; Hennawi et al. 2006; Myers et al. 2007 Myers et al. , 2008 ; Kayo & Oguri 2012; McGreer et al. 2016; Eftekharzadeh et al. 2017) . These measurements mostly originate from "binary" quasar pairs obtained from the SDSS quasar catalogs (Adelman-McCarthy et al. 2008 ) which are very rare objects (1 pair in ∼ 10 4 quasars). Recent analysis (Bhowmick et. al. 2018 ) of these measurements using the MassiveBlackII simulation (Khandai et al. 2015) provide further support for halo mergers as likely origins of quasars pairs.
Systems with more than two quasars (triples and quadruples) are believed to be even more rare and elusive. Over the past decade, two quasar triples (Djorgovski et al. 2007; Farina et al. 2013 ) at z ∼ 1.5, 2 and one quadruple (Hennawi et al. 2015) at z ∼ 2 have been discovered. These quasar systems have associated length scales (separation between member quasars) of a few hundred kpcs. Fainter AGN systems have also been found at smaller scales (e.g. Schawinski et al. 2011; Liu et al. 2011) .
Physical processes underlying the formation and evolution of such quasar systems remain uncertain. Analyses in Farina et al. (2013) and Hennawi et al. (2015) reveal that these systems are in extreme environments in the distant (z 2) universe, and are likely progenitors of present-day massive clusters; this suggests that such systems may act as signposts for tracing the early stages in the evolution of galaxy clusters, and can thereby potentially reveal new insights into galaxy evolution.
The incidence of AGN pairs and triplets and the associ-ated host galaxies is also crucial for understanding black hole growth and the role of mergers. Exciting prospects exist with the new generation of space and ground based telescopes which shall achieve a deep, almost synoptical monitoring of the whole sky; this will be accompanied by gravitational wave observatories (such as LISA) will detect these massive black holes at various stages of their merging process.
With possible simultaneous detections of gravitational and electromagnetic wave emissions, we are going to be able to directly probe a wide range of properties of these systems and their environments, for e.g. the masses of black holes and associated host galaxies and haloes. It is therefore crucial to investigate what current theories of structure formation coupled with galaxy evolution and black hole growth can tell us about the origin and abundance of such systems. To these ends, in this work, we study quasar systems in the MassiveBlackII (hereafter MBII) cosmological hydrodynamic simulation. We present our basic methodology and simulation details in Section 2. In Section 3, we quantify the abundance of quasar systems by determining their multiplicity functions. In sections 4 and 4.1, we select quasar systems in MBII and study the basic properties of their environments and their growth histories.
METHODS

MassiveBlackII (MBII) simulation
MBII is a high-resolution cosmological hydrodynamic simulation with a box size of 100 cMpc/h and 2 × 1792 3 particles. It runs from z = 159 to z = 0.06. Cosmological parameters are constrained by WMAP7 (Komatsu et al. 2011) i.e. Ω0 = 0.275, Ω l = 0.725, Ω b = 0.046, σ8 = 0.816, h = 0.701, ns = 0.968. The dark matter and gas particle masses are 1.1 × 10 7 M /h and 2.2 × 10 6 M /h respectively. The simulation includes a variety of subgrid physics modeling such as star formation (Springel & Hernquist 2003) , black hole growth and associated feedback. Haloes and subhaloes were identified using a Friends-of-Friends (FOF) group finder (Davis et al. 1985) and SUBFIND (Springel 2005) respectively. For more details, we refer the reader to Khandai et al. (2015) .
Modeling black holes in MBII
We use the prescription described in Di and Springel et al. (2005) to model the growth of supermassive black holes. Black holes of mass 5 × 10 5 M /h are initially seeded into 5 × 10 10 M /h haloes which do not already contain a black hole. The black holes then grow via accretion at a rate given byṀ bh = 4πG
3/2 ; ρ and cs are the density and sound speed of the cold phase of the ISM gas, and v bh is the relative velocity of the black hole w.r.t gas. The accreting black holes radiate with bolometric luminosity r mc 2 where the radiative efficiency ( r ) is taken to be 10%. 5% of the radiated energy is thermodynamically (and isotropically) coupled to the surrounding gas . Additionally, black holes can can grow via merging; two black holes are considered to be merged if their separation distance is smaller than the spatial resolution of the simulation (the SPH smoothing length), and they have a relative speed smaller than the local sound speed of the medium. Further details on black hole modeling have been described in Di Matteo et al. (2012) .
Identifying AGNs: Centrals and Satellites
AGNs are identified to be individual black holes which are accreting gas in their vicinity. In this work, we consider objects with bolometric luminosity L bol 3 × 10 41 ergs/sec and M bh 10 6 M /h (5 times the black hole seed mass). The central AGN is assigned to the most massive black hole within a halo; all other AGNs within the same halo are tagged as satellite AGNs.
Identification of AGN systems in MBII
We identify AGN systems based on a set of maximum distance criteria. We identify four types of AGN systems in the simulation as follows:
• Physical AGN system: An AGN system where each member AGN is within a maximum distance dmax w.r.t at least one other member AGN.
• Redshift-space AGN system: This is similar to a Physical AGN system except that the line of sight coordinate is in redshift space (distorted due to peculiar velocities of the member AGNs).
• Projected AGN system: An AGN system where each member AGN is within a maximum distance d max parallel to the plane of the sky w.r.t at least one other member AGN. In addition, the system must have a velocity separation of < 2000 km/s along the line-of-sight 1 ; in other words, the maximum redshift space separation of the line of sight coordinate must be vmax/aH(a) from at least one other AGN within the system. Here, a is the scale factor and H(a) is the Hubble parameter.
• Bound AGN system: An AGN system where all the members are within the same halo (FOF group), implying that they are gravitationally bound w.r.t each other.
Multiplicity function
For a given AGN system, we define richness R to be the number of member AGNs within the system. For a given maximum distance dmax, the Multiplicity Function is defined to be the volume density (n system (R)) or surface density (Σ system (R)) of AGN systems per unit richness. The surface density can be obtained by integrating the volume density over the redshift width using
where r(z) is the comoving distance to redshift z, zi (initial redshift) to z f (final redshift) is the redshift interval over which the surface density is to be computed. For the most part, we are focusing on the redshift interval of 0.06 < z < 4 as it covers the redshift range for targeting quasar systems in current and future surveys (SDSS, BOSS, eBOSS, DESI).
Halo Occupation Distribution (HOD) modeling of the AGN Multiplicity function
The Halo Occupation Distribution (HOD) is defined as the probability distribution P (N |M h ) of the number of AGNs N in a halo of mass M h . For a random sample of haloes with mass M h to M h + dM h , the fraction f>R(M h ) of haloes hosting bound AGN systems with richness ≥ R is given by
The number density per unit volume of bound AGN systems with richness > R is then given by
where dn/dM h is the halo mass function. We can then use Eq.
(1) to determine the surface density of bound AGN systems.
AGN MULTIPLICITY FUNCTIONS IN MBII
We identify AGN systems for a wide range of scales quantified by dmax (see Section 2.2). We want to prescribe a scale for targeting quasar systems which are gravitationally bound (belonging to the same FOF halo). Figure 1 shows the fraction (f The foregoing motivates us to hereafter focus on dmax ∼ 0.5 − 2 ckpc/h. The solid lines in Figure 2 show the number density of physical AGN systems i.e. pairs, triples and quadruples (R = 2, 3, 4) as a function of redshift for dmax = 0.7 ckpc/h. These can be compared to the dashed lines which represent bound AGN systems. The number density of physical and bound systems are similar for luminous L bol > 10 43,44 ergs/sec quasars. We therefore hereafter (unless stated otherwise) present results for dmax = 0.7 ckpc/h; with this choice, we are primarily targeting quasar systems which are within the same halo. Note that our choice of scale is also comparable to the scales of observed quasar systems (Djorgovski et al. 2007; Myers et al. 2008; Farina et al. 2013; Hennawi et al. 2015) .
In Figure 2 , we also see that AGN systems are most abundant at the epoch 1.5 z 3. In this epoch, the number density of quasar triples with L bol > 10 44 ergs/sec (rightmost panel) is ∼ 10 −6 h 3 cMpc −3 .
Dependence on R
We now present the full multiplicity functions (MFs) of MBII AGNs as a function of richness R. Figure 3 shows the surface density of AGN systems as a function of R. The g band apparent magnitude limits (conversion from bolometric luminosity to g band magnitude is done using Eqs. (17), (18) and (21) Note that, observationally, AGN systems are typically confirmed via spectroscopic follow-up, and spectroscopic surveys such as eBOSS (Dawson et al. 2016) , DESI (and possible future follow-up to LSST) will be limited in angular resolution due to fibre-collision limits. We shall discuss the effect of these limitations in Section 3.3. In this section, we will focus on the intrinsic abundance of AGN systems across the imaging areas of DESI (provided by the Legacy Surveys; see, e.g. Dey et al. 2018 ) and the LSST. The surface densities in Figure 3 are calculated by integrating the volume density over redshifts ranging from 0.6 z 4 using Eq. (1). Solid, dashed and dotted lines correspond to physical, redshift-space and projected AGN systems as defined in Section 2.2. For the physical and redshiftspace systems we use dmax = 0.7 cMpc/h (representative of bound AGN systems as already discussed in Figure 2 ). For the projected systems, we use d max = 0.7 cMpc/h (maximum distance between members parallel to the plane of the sky). We find that the surface density of AGN systems exhibits a power-law decrease w.r.t increase in R. The power-law exponents range from −4 to −5 for physical AGN systems.
From the MBII multiplicity functions in Figure 3 , we can infer the abundances of triples/ quadruples available within the imaging areas of DESI (g 24) and LSST (g 26). For the DESI imaging survey, surface density of available triples/ quadruples is ∼ 10 deg 2 , implying ∼ 10 5 such systems over the entire survey area (∼ 14000 deg 2 ). Likewise, the LSST imaging area will contain ∼ 100 triples/quadruples per deg 2 .
The comparison between the MFs for physical and redshift-space AGN systems is of particular interest because observations can only access the latter. We find that MFs for redshift-space AGN systems are significantly more suppressed (by factors up to ∼ 10) compared to physical AGN systems. This occurs because of the dispersion in peculiar velocities of AGNs at small (one-halo) scales which leads to higher line of sight separations between member AGNs in redshift space as compared to real space. This implies that the sample of AGN systems obtained from a spectroscopic follow-up of projected AGNs may not include all possible physical/bound AGN systems. This can be corrected by simply choosing a larger line of sight (redshift space) separation d ⊥ max compared to d max. We find that in order to match the MFs for redshift-space and physical AGN systems, we would require d
We now have all the information required to target bound quasar systems in observations. To ensure that the members are indeed bound (i.e. belonging to the same halo), the comoving separation should be 0.7 cMpc/h. This corresponds to maximum angular separations ranging from 100 arcsec at z ∼ 0.6 to 30 arcsec at z ∼ 4. Along the line of sight co-ordinate, 0.7 cMpc/h corresponds to maximum spectroscopic redshift separations ranging from δz 5 × 10 −4 ) at z ∼ 0.6 to δz 1 × 10 −3 at z ∼ 4. However, to compensate for the broadening of the line of sight separations due to peculiar velocity dispersions, one must increase the line of sight separation by factors ∼ 5, implying maximum spectroscopic redshift separations ranging from δz ∼ 1.5 × 10 −3 at z ∼ 0.6 to δz ∼ 7 × 10 −3 at z ∼ 4. The corresponding values of the maximum line of sight velocity difference range from 150 km/sec at z ∼ 0.6 to 200 km/sec at z ∼ 4. By applying the foregoing conditions, we can ensure that a spectroscopically confirmed sample of observed quasar systems shall correspond to a complete sample of bound quasar systems.
The inferred velocity separations for bound AGN systems is about 10 times smaller than the 2000 km/sec limit adopted by (Hennawi et al. 2006) . Therefore, not all projected systems are bound. We therefore naturally expect more projected AGN systems compared to physical/ redshiftspace AGN systems, as clearly seen in Figure 3 . In Figure 4 , we show the percentage of projected systems that are bound. We see that for L bol > 10 42 ergs/sec (blue shaded region), ∼ 40% and ∼ 20% of AGN systems are bound at z = 0.06 and z = 2.5 respectively. We also see that at higher luminosities, a higher percentage of projected AGN systems are bound (∼ 50% for L bol > 10 43 ergs/sec). As a result, the difference between the MFs of physical and projected AGN systems decreases in Figure 3 with increasing brightness. This is expected because with increasing luminosity, AGNs becomes rarer, which results in a decreased likelihood of a chance superposition of otherwise unbound AGNs on a projected plane.
Dependence on apparent magnitude: Implications for eBOSS-CORE
We now put our results in the context of the ongoing eBOSS-CORE QSO (Myers et al. 2015) survey. Filled circles in Figure 5 show the surface density of quasar systems with R ≥ 3 (triples and higher-order systems) as a function of apparent magnitude. The various redshits are a subset of the redshift range targeted by eBOSS (0.9 z 2.2). Given its volume, MBII can directly probe up to magnitudes of g ∼ 25, and predicts ∼ 1 system per deg 2 for g < 25.
We use the HOD model built in Bhowmick et al. (2018) using the MBII simulation and current small-scale clustering constraints to make predictions up to g 21; these are Figure 5 . Surface density of physical AGN systems with R > 2 (triples and higher-order systems) with dmax ∼ 0.7 cMpc/h (angular separations 50 arcsec) as a function of limiting g band magnitude. The different colors correspond to different redshift bins within the target selection of eBOSS-CORE quasars, further limited to 0.9 z 2.2 where optical selection of quasars is most efficient. The shaded regions correspond to the predictions (upper limit) of a CLF model constrained by recent small-scale clustering measurements (Eftekharzadeh et al. 2017; Bhowmick et al. 2018) . The black arrow is a lower limit inferred from the observation of a quasar triple in Farina et al. (2013) .
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shown as shaded regions in Figure 5 2 . The black arrow corresponds to the lower limit inferred from the current state of observations i.e. 1 triple found (Farina et al. 2013 ) so far during the follow-up search in the sample from SDSS-DR6 (Richards et al. 2009 ). Our predictions therefore do not conflict with observations so far. For g < 22 (the approximate eBOSS limit), we predict ∼ 10 −2 systems per deg 2 , implying ∼ 100 quasar triples (and higher-order systems) over the entire (imaging) area (∼ 7500 deg 2 ) of eBOSS.
Limitations posed by fibre collisions in spectroscopic surveys
As mentioned in Section 3.1, spectroscopic surveys are subject to a minimum angular resolution due to the fibre collision limit i.e. the minimum distance between adjacent fibres on a single spectroscopic tile (see, e.g. Blanton et al. 2003 , for details on tiling algorithms). This presents a major impediment when attempting to distinguish systems of multiple AGNs that have angular separations smaller than the angular resolution (δθ fibre limit ). Here we shall discuss its implications on the multiplicity functions. We consider a mock spectroscopic survey with a field of view consisting of a single layer of tiles. Within each tile, we assume angular resolution of 2 We use a Poisson distribution to model the HODs for satellite AGNs; in reality, the satellite occupation distribution may be narrower than Poisson at the rare luminous end, in which case the shaded regions in Figure 5 would correspond to upper limits for the surface density. 60 arcsec, roughly representative of the SDSS, BOSS and eBOSS technical specifications (Blanton et al. 2003; Dawson et al. 2013 Dawson et al. , 2016 . Additionally, we also consider angular resolutions of 30 arcsec, roughly consistent with a lower bound on the DESI fiber collision limit (which will depend on exactly how the DESI focal plane is populated). We assume 30% overlap between surface areas of neighboring tiles, roughly representative of the layout of the tiles in the SDSS survey (Blanton et al. 2003) . A pair of AGNs in an area covered by overlapping tiles can be distinguished from one another despite having angular separations of less than δθ fibre limit . Note, however, that our chosen 30% overlap is a gross simplification for the DESI survey, for which the planned layout of tiles is quite complex, with multiple layers of spectroscopic tiles (see Section 4 of DESI Collaboration et al. 2016) .
We consider each physical AGN system with original richness R and dmax = 0.7 cMpc/h (shaded blue region in Figure 3 ), calculate angular separations between their members, and reduce the richness by 1 unit for every distinct pair of members with angular separations below the resolution unless the pair lies within a region with overlapping tiles. We refer to the richness of the system as observed in the mock survey as R observed . R observed is inevitably less than intrinsic richness R. Figure 6 shows the percentage (f unresolved members %) of AGN systems (L bol > 10 42 ergs/sec) with at least one extra unresolved member, as identified in a mock spectroscopic survey with angular resolutions of 30 arcsec (cyan region) and 60 arcsec (pink region). We see that about ∼ 10% of observed single AGNs at z = 0.6 (leftmost panel) have unresolved members, which increases to ∼ 20% at z = 2.5, 4 (middle and rightmost panels); this is expected as the angular resolution (∆θ fibre limit ) subtends a larger comoving separation at higher redshifts, leading to higher number of unresolved members. Additionally, we also see that higher the observed richness of a system, higher the probability of the system having additional unresolved members. For instance, observed AGN triples and quadruples at z = 2.5 and z = 4 have 60% chance of revealing additional unresolved members upon a possible future follow-up spectroscopic survey with angular resolution less than 30 arcsec. Figure 7 shows the impact of the limited angular resolution on the inferred multiplicity function. In the top panels, the blue region shows the intrinsic multiplicity function (Σ system intrinsic ) of physical AGN systems (as in Figure  3) ; the cyan and pink regions show the multiplicity functions (Σ system observable ) of the same set of AGN systems as observed in the mock spectroscopic surveys with angular resolutions of 30 arcsec and 60 arcsec respectively. As expected, we see that with decreasing resolution (i.e. increasing ∆θ fibre limit ), we start to lose member AGNs and the abundance of higher order systems starts to get suppressed, leading to increasingly steep multiplicity functions. The bottom panels show the ratio between the observed multiplicity function and the intrinsic multiplicity function. We find that angular resolution of 60 arcsec suppresses the observed number of AGN triples/ quadruples by factors 0.2); this implies that 20 % of all available triples/quadruples are expected to be detected after spectroscopic follow-up. Note also that in regions with overlaps across multiple surveys such as SDSS and/or eBOSS and/or DESI, more missing members can be recovered. We do not model this effect as MBII does not di- . AGN multiplicity function with correction for fibre collisions:-Top panels: Σ system is the surface density of AGN systems (dmax = 0.7 cMpc/h) plotted as a function of richness R. The scatter corresponds to 1σ Poisson error. The blue region (Σ system intrinsic ) corresponds to the intrinsic abundance of physical quasar systems as also shown in Figure 3 . The cyan and pink regions (Σ system observable ) correspond to observed abundances of AGN systems in a mock spectroscopic survey with fibre-collision limit ∆θ fibre limit (see section 3.3). We assume a 30% overlap between the areas of adjacent tiles. Bottom panels: Ratio between Σ system observable and Σ system intrinsic .
rectly probe quasar systems with magnitudes brighter than the SDSS and eBOSS detection limits (e.g., see Figure 5 ).
PROPERTIES OF QUASAR SYSTEMS IN MBII: ENVIRONMENT AND ORIGIN
Until now, we have focused on the abundances of AGN systems. Hereafter, we shall investigate the physical properties and environment of quasar systems in MBII. We will also study the growth histories of quasar systems to elucidate the physical mechanisms involved in their formation. We focus on the most luminous (L bol > 10 44 ergs/sec) quasar triples and quadruples in MBII. In Figure 8 , for illustrative purposes, we display quasar systems at z = 2.5, the rough redshift that has the most triple (four) and quadruple (two) systems. The filled circles in Figure 8 show the host halo, host galaxy and black hole masses of these systems, in relation to the overall population of simulated central (red histogram) and satellite (blue histogram) AGNs. Circles of the same color belong to the same system. Figure 9 shows images of these systems, along with their host galaxies (colored histograms) and host haloes (shown as grey histograms).
The host halo masses for the systems are ∼ 10 13 M /h. We note that these are amongst the most massive haloes in the simulation at the corresponding redshifts, in support of observational inferences (Farina et al. 2013; Hennawi et al. 2015) about these systems being progenitors of massive clusters; this is also consistently true for the simulated triples at z = 2 and z = 1, which live in ∼ 10 13.5 M /h and ∼ 10 14 M /h haloes respectively. Figure 9 shows that these systems have a very rich substructure i.e. a number of locally dense regions and complex morphologies, indicating possible occurrence of recent mergers. Within a halo, the member quasars live in different host galaxies (there are no L bol > 10 44 ergs/sec quasar systems in MBII within the same galaxy). In particular, one member is hosted by the central (most massive) galaxy, and the other members are hosted by satellite galaxies. The central galaxies are illustrated in Figure 9 as blue histograms. The satellite galaxies are illustrated as red, green and orange histograms. The host galaxies have stellar masses in the range 10 10 M * 10 12 M /h. Their black hole masses range from ∼ 10 6.5 to ∼ 10 9 M /h. We now compare the properties of these quasar systems (satellites in particular) to the overall AGN population. In the M h − L bol plane (left panel of Figure 8 ), the satellite quasars have luminosities 10 − 100 times higher than the typical population of satellite AGNs. The stellar and black hole masses of the satellite galaxies (middle and right panels) are 10 times higher than average (i.e. M * ∼ 10 9 M /h and M bh ∼ 10 6 M /h). This suggests the possibility that the members were originally hosted by central galaxies and recently experienced a halo merger to become 'satellites'.
Additionally, in the middle and right panels, we also see a handful of member quasars with luminosities 10 times higher compared to expectations from their stellar and black hole masses. This suggests the possibility of events (likely halo mergers) that triggered AGN activity in these objects causing a sudden increase in their luminosity.
In the next subsection, we shall look at the growth histories of these AGNs and demonstrate that the above findings can all be explained by recent halo mergers. Figure 10 shows the growth histories of simulated quasar triples (right panel) and quadruples (left panel). Each color corresponds to a quasar system; for a given color, different line styles (solid, dashed, dot-dashed and dotted) correspond to different members of the system. The lowest redshift plotted for each line corresponds to the snapshot at which the objects form quasar systems with L bol > 10 44 ergs/sec. Let us first focus on the two z = 2.5 quadruples (red and blue colors in the left-hand panel). The halo mass evolution (top panel) shows that for both the quadruples, the progenitors start out in four different haloes and experience a sequence of three mergers between z = 4 and z = 2.5. Each merger is followed by an increase in AGN activity. For example, for the blue dotted line, the merger occured at z = 2.75 after which the luminosity increased from L bol < 10 42 ergs/sec at z = 2.75 to L bol > 10 45 ergs/sec at z = 2.5. Concurrently, the black hole mass increased from M bh 10 6 M /h at z = 2.75 to M bh 10 8 M /h at z = 2.5. As another example, the red dot-dashed line has a luminosity > 10 44 ergs/sec but a relatively low black hole mass (∼ 10 6.5 M /h) at z = 2.5. The halo of this system's progenitor merged at z = 3, following which there was an increase in luminosity from ∼ 10 43 ergs/sec at z = 3 to ∼ 10 44 ergs/sec at z = 2.5. We report similar conclusions for the growth history of the triples (right panel of Figure 10 ). The formation of each triple is associated with a sequence of two mergers of the host haloes of progenitor AGNs. These mergers triggered AGN activity to switch on the 'quasar' mode of the AGNs residing in these merging haloes. A particularly striking example of the merger-driven quasar activity is that of the pink solid line. A halo merger ocurring at z = 1.5 was followed by an increase in the luminosity from ∼ 10 38 ergs/sec to ∼ 10 44 ergs/sec. We therefore see that all the multiple-quasar-systems in MBII originated from halo mergers. These halo mergers not only brought together already active quasars, but also served as triggers of AGN activity transforming faint AGNs into luminous quasars. Furthermore, we see that for all the systems, haloes which merge belong to the rare massive end of the halo mass function at the corresponding redshift. In a companion paper (Bhowmick et. al. 2018) , we showed that bright quasar pairs originate from mergers of rare massive haloes. Here, we further show that in order to form richer quasar systems such as quasar triples, quadruples etc., we require a multiple sequence (more than 2) of mergers of rare massive haloes. These events are exceptionally infrequent, explaining the sparsity of these quasar systems.
Growth Histories
SUMMARY AND CONCLUSIONS
In this work, we have studied systems of AGNs at 0 z 4 and provide predictions for AGN multiplicity functions using the MBII simulation. We identified AGN systems at different scales by linking together AGNs within a certain distance. We find that to target gravitationally bound (within log 10 M h hM the same halo) AGN systems in observations, the maximum comoving distance between member AGNs should be ∼ 0.7 cMpc/h; this corresponds to maximum angular separations ranging from 100 arcsec at z ∼ 0.6 to 30 arcsec at z ∼ 4. Along the line of sight this corresponds to maximum velocity differences ranging from 150 km/sec at z ∼ 0.6 to 200 km/sec at z ∼ 4.
The multiplicity functions and their redshift evolution reveal that AGN systems (pairs, triples, quadruples) are most abundant at 1.5 z 2.5 wherein there are 10 −5 -10 −6 h 3 Mpc −3 quasar triples with L bol 10 44 ergs/sec. We find that the dependence of the multiplicity function as a function of R can be well described by a power law with exponents ranging from −4 to −5. In terms of apparent magnitude, MBII directly probes quasar systems with magnitudes up to g = 25 and predicts abundances of ∼ 1 deg −2 quasar triples at g = 25. In Bhowmick et al. (2018) , we used current small-scale clustering constraints to probe up to g ∼ 21 via Conditional Luminosity Function (CLF) modeling. CLF modeling predicts a few ×10 −2 deg −2 quasar triples/quadruples with g < 22 at 0.9 z 2.2, implying ∼ 100 such systems over the entire imaging area (∼ 7500 deg 2 ) used for target selection within the ongoing eBOSS-CORE survey. The upcoming DESI survey will have ∼ 10 available triples/quadruples per deg 2 within the imaging area to be used for target selection. Within the survey area for LSST imaging, we expect ∼ 100 triples/quadruples per deg 2 . Due to potential fibre collisions, quasar pairs within small enough angular separations ( 60 arcsec for eBOSS-CORE) will not be distinguishable. Using a simple model to describe fiber collisions, we predict that ∼ 20% of available triples or quadruples should be detectable after spectroscopic followup.
Finally, in order to probe the possible physical origins of quasar systems, we select a few of the most luminous (L bol > 10 44 ergs/sec) quasar triples and quadruples and study their environmental properties and growth histories. We find that their host haloes are amongst the most massive in the simulation (∼ 10 13 M /h at z = 2.5 and ∼ 10 14 M /h at z = 1). Within these haloes, the members of quasar triples and quadruples always reside in separate galaxies, implying that one quasar lives in a central galaxy and the remaining quasars live in satellite galaxies. The galaxies have stellar masses 10 10 M * 10 12 M /h and black hole masses 10 6 M * 10 9 M /h. Growth histories of these systems reveal that they were born out of a series of mergers (two mergers for triples and three mergers for quadruples) between rare massive haloes. These mergers can not only produce close pairs from already active quasars, but can also trigger significant activity in low-luminosity AGNs, transforming them into luminous quasars. This explains the wide range of black hole massses (10 6.5 M bh 10 9 M /h) for these objects. Sequences of multiple (two or more) mergers between the most massive haloes are exceedingly uncommon, explaining why these quasar systems are so rare.
